Antiwear chemistry is related to the role of tribochemical reactions in controlling abrasive wear, adhesive wear as well as physical and mechanical properties of tribofilms. In the case of additives in boundary lubrication, three different chemical reactions have been found to be directly connected to mechanical response. First one is the digestion of hard metal oxides in the glassy tribofilm formed from the antiwear additives, thus combating with abrasive wear. Second reaction is the reaction of sulphur species with nascent metal surfaces, reducing adhesive wear between antagonist metal surfaces. The third reaction is an equilibrium one in the stressed tribofilm, leading to a change of mechanical properties of the tribofilm and explaining its smart behavior.
INTRODUCTION
Since the pioneering work of Heinecke in 1984, tribochemistry is a growing field in tribology and particularly under mixed and boundary lubrication. Zinc dithiophosphate (ZDDP), the classical antiwear additive, is certainly the best model to study tribochemical reactions. Today, one of the reasons to study more and more ZDDP is certainly to better anticipate its replacement in the coming years. Products of tribochemical reactions with ZDDP have been extensively studied in the past 10 years from the point of view of the chemical and mechanical characterization. The use of new analytical tools and especially the synchrotron radiation has allowed focusing on important features in the tribofilm composition. This is described in details in a series of papers by Kasrai et al [1] using XANES spectroscopy in the synchrotron radiation. However little has been done to try to find direct connection between the chemical reactions and the mechanical properties of the film. In this work we present an attempt to find a relationship between antiwear efficiency of ZDDP and clearly identified tribochemical reactions. The antiwear action of ZDDP is related to several wear regime, abrasive wear, adhesive wear and fatigue. In the following, three different reactions are considered to be connected to the wear modes and this is further explained in more details.
COMBATING WITH ABRASIVE WEAR
Abrasive wear is very detrimental in most of tribological systems. Most of time, abrasive particles are formed by oxidation of tiny metal particles by oxygen directly from air or dissolved in the lubricant. This cannot be avoided on the earth due to the presence of the atmosphere. Since metal oxides are generally harder that the substrate from which they have formed, the abrasive component of boundary lubrication needs to be reduced. In 1986, we gave first evidence of the glassy structure of ZDDP tribofilms by EXAFS and TEM [2] . Today, this finding has been confirmed by many authors. The chemical reaction responsible from antiwear effect is the digestion of hard metal oxides in the glassy structure [3] . In the case of ZDDP, the phosphate glass can easily digest up to 50 % atomic iron in the glass structure (Fig. 1) . The glass itself has some universal properties, and the low glass transition temperature is practically not modified by iron oxide digestion. Interestingly, other dangerous oxides can be thus eliminated, such as chromium, vanadium and manganese oxides. These elements are always present in hardened steels used as friction materials. Other additives can act very similarly to ZDDP, for example borated additives can form borate glass and the mixture of borate and phosphate is found to form borophosphate glassy films [4] . For ZDDP, depending of the chain length of the zinc poly(thio)phosphate initially formed by the thermo-oxidation process, many reactions are possible; one of these is given below for a polyphosphate: This reaction follows the HSAB principle as described by Pearson and is a slow reaction. As can be seen in the reaction, the chain length decreases when iron is progressively incorporated in the glass structure. The final product is a pyrophosphate in this case or ultimately the orthophosphate. This reaction can be obtained at macro scale by mixing phosphorous pentoxide, zinc oxide and iron oxide. However, the temperature in the reactor must be above 800°C. In the contact zone and after an induction period, the reaction is easily produced in mild wear conditions due to the combined effect of 
COMBATING WITH ADHESIVE WEAR
When the conditions become more severe, the glassy tribofilm may be removed quickly by a desquamation wear process. As it cannot form quickly (due to the low kinetics of the hard acid-hard base reaction), nascent metal surface is formed and adhesive wear is readily to occur, possibly as scuffing and even melting. A second reaction immediately takes place thanks to the presence of sulfides (or chlorides and fluorides) anions. It is a very fast soft acid-soft base reaction giving covalent chemical species and thus preventing direct metal contact. For example: Figure 2) . At the opposite, ZnS is always found in an amorphous state, as shown by well damped EXAFS modulations at the S K-edge. Finally, after several sequences of mild and severe wear conditions, the sulfide particles are found to be embedded in the glassy phosphate glass structure but do not modify its rheological properties. In the case of ZDDP, the sulfide species are mostly in the liquid phase. 
COMBATING WITH FATIGUE
Fatigue is a common wear regime in ball bearings for example. However, even in bearings, some sliding occurs. At the end, tribofilm are formed when additives are present in the lubricant and this can change the wear life of the bearings. An important fact is the response of the tribofilm to mechanical properties such as loading in an indentation test. It has been observed a smart behavior of the ZDDP tribofilms by nanoindentation tests [5] . The hardness of the film increases as the indentation depth and the tribofilm can adapt its mechanical properties to the intensity of the stress. To explain this we propose another stress-induced chemical reaction, which could be in fact a reversible one: Auger spectroscopy when the tribofilm has been stressed in vacuum conditions (see Figure 3) . We are currently trying to show this directly in the nanoindentation marks thanks to the small FEG electron beam in the Auger analysis. 
